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Abstract
Acupuncture is the practice of inserting needles into the body to reduce pain or 
induce anesthesia. More broadly, acupuncture is a family of procedures involving 
the stimulation of anatomical locations on or in the skin by a variety of techniques. 
Employing acupuncture to treat human disease or maintain bodily condition has 
been practiced for thousands of years. However, the mechanism(s) of action of acu-
puncture at the various meridians are poorly understood. Most studies have indi-
cated that acupuncture is able to increase blood flow. The acupuncture points have 
high electrical conductance and a relationship of the acupuncture points and merid-
ians with the connective tissue planes and the perivascular space has also been 
suggested. Several studies employing the human and animal models have shown 
that acupuncture enhances the generation of nitric oxide (NO) and increases local 
circulation. Specifically, electroacupuncture (EA) seems to prevent the reduction 
in NO production from endothelial NO synthetase (eNOS) and neuronal NO synthase 
(nNOS) that is associated with hypertension and this process involves a stomach-
meridian organ but not a non-stomach-meridian organ such as the liver. How can we 
explain the phenomena of EA and meridian effect? Here, we proposed a neurovas-
cular transmission model for acupuncture induced NO. In this proposed model, the 
acupuncture stimulus is able to influence connective tissue via mechanical force 
transfer to the extracellular matrix (ECM). Through the ECM, the mechanotransduc-
tion stimulus can be translated or travel from the acupuncture points, which involve 
local tissue and cells. Cells in the local tissue that have received mechanotransduc-
tion induce different types of NO production that can induce changes in blood flow 
and local circulation. The local mechanical stress produced is coupled to a cyclic 
strain of the blood vessels and this could then change the frequency of resonance. 
According to the resonance theory, an oscillatory pattern of NO formation might 
occur in that specific organ. Therefore, the artery tree would then change the blood 
distribution and microcirculation of various organs and as a result further affect 
the production of NO.
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1. Introduction
Acupuncture is the practice of inserting needles 
into the body to reduce pain or induce anesthesia. 
More broadly, acupuncture is a family of procedures 
involving the stimulation of anatomical locations on 
or in the skin by a variety of techniques. Employing 
acupuncture to treat human disease or to maintain 
bodily condition has been practiced for thousands 
of years. Recently, models able to describe the mode 
of action of acupuncture have aroused scientists’ 
curiosity. Scientific interest in acupuncture has led 
numerous investigators to conduct clinical trials that 
have tested the efficacy of acupuncture using vari-
ous acupuncture points; however, the mechanism(s) 
of action of acupuncture at the various meridians 
are still poorly understood.
Previous studies have provided a variety of in-
formation regarding the physiological effects of 
acupuncture on animal and human bodies. Most of 
them have indicated that acupuncture is able to 
increase blood flow [1] and that the acupuncture 
points and meridians have a high electrical con-
ductance [2,3]. A relationship has also been sug-
gested between acupuncture points and meridians 
with connective tissue planes [4] and the perivas-
cular space [5]. A number of possible mechanisms 
by which acupuncture acts have been reviewed [6] 
and these results are available at the site of the 
National Center for Complementary and Alternative 
medicine (NCCAM) [7]. A Question and Answer page 
on “How might acupuncture work?” is also availa-
ble on the website of the NCCAM at the National 
Institutes of Health where it states: “It is proposed 
that acupuncture produces its effects through reg-
ulating the nervous system, thus aiding the activ-
ity of pain killing biochemicals such as endorphins 
and immune system cells at specific sites in the body. 
In addition, studies have shown that acupuncture 
may alter brain chemistry by changing the release 
of neurotransmitters and neurohormones and, thus, 
affecting the parts of the central nervous system 
related to sensation and involuntary body functions, 
such as immune reactions and processes that regu-
late a person’s blood pressure, blood flow and body 
temperature.”
The results obtained from human and animal 
studies have also shown that acupuncture enhances 
the generation of nitric oxide (NO) and increases 
local circulation [8]. Kim et al demonstrated that 
employing acupuncture on stomach 36 point (ST-
36) is able to reduce blood pressure by activating 
NO signaling mechanisms [9]. Ma showed that NO 
content and NO synthase (NOS) expression were con-
sistently higher at skin acupuncture points/meridians 
[10]. Chen et al showed that L-arginine-derived NO 
synthesis appears to mediate the noradrenergic 
function of skin sympathetic nerve activation and 
that this contributes to skin electrical resistance 
of the acupuncture points and meridians [11].
NO is known to exert an effect on a number of 
functions including the regulation of blood pressure, 
contributing to the immune response, the control 
of neurotransmission and participation in cell dif-
ferentiation and other physiological functions [12]. 
NO, a diffusible signaling gas, is synthesized by three 
NOS isoforms, namely a neuronal NOS (nNOS), an 
inducible NOS (iNOS) [13] and an endothelial NOS 
(eNOS) [14,15]. Using BH4 (tetrahydrobiopterin), 
Ca2+-calmodulin, Heme, flavin adenine dinucleotide, 
riboflavin monophosphate and NADPH [16] as co-
factors and coupled with electron transfer, these 
enzymes are able to convert L-arginine to L-citruline 
and NO.
Chinese acupuncture theory maintains that there 
are twelve main meridians or energy channels that 
relate to the internal organs. These include the 
lungs, large intestine, stomach, spleen, heart, the 
pericardium (the sac around the heart), etc. Elec-
troacupuncture (EA) prevents the reduction of NO 
production from eNOS and nNOS associated with 
hypertension and has been shown to even increase 
eNOS and nNOS expression in stomach and cheek 
pouch tissue (which are also part of the stomach 
meridian) compared with a sham control. This ef-
fect was found not to occur on liver tissue, a non-
stomach-meridian organ [9]. A question arises from 
the results of this study and this is how to explain 
the phenomena whereby EA was able to prevent the 
reduction of NO production from eNOS and nNOS 
associated with hypertension in a stomach-meridian 
organ but did not affect a non-stomach-meridian 
organ. Our hypothesis involves a neurovascular trans-
mission model. Briefly, the acupuncture stimulus is 
able to induce a burst of NO production through 
mechanotransduction at the local acupuncture point 
and this NO diffuses and changes the blood flow 
either at the local and/or organ microcirculation 
level. The result of acupuncture is differential pro-
duction of NO in various meridian organs, which 
are connected via tissue/cells coupled to the cycli-
cally strained blood vessel; this is able to change 
the frequency of resonance.
2.  A Neurovascular Transmission Model 
of Acupuncture
In the vascular wall, most of the bioavailable NO 
is believed to be derived from eNOS and diffuses 
into vascular smooth muscle and the blood stream, 
where it rapidly reacts with the hemoglobin (Hb) 
of the red blood cells. Hb, of course, is also able 
to transport oxygen and carbon dioxide. The blood 
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carries the oxygen complexed with Hb to all parts 
of the body where it is required for metabolism 
and also returns carrying carbon dioxide back to 
the lungs, where gaseous exchange occurs with 
the atmosphere. The peripheral chemoreceptors 
located in the carotid bodies respond primarily to 
hypoxemia. Central chemoreceptors located in the 
region of the brainstem respond to hypercapnia. 
Activation of either the hypoxic or hypercapnic 
chemoreflex elicits both hyperventilation and sym-
pathetic activation [17]. There is evidence from 
animal and human studies that NO may play a role in 
hypercapnia induced vasodilation [18,19]. Recently, 
nNOS has been identified as a source of NO in the 
vicinity of microvessels and has been shown to 
participate in vascular function. Thus, NO can be 
produced and transported to the vascular smooth 
muscle cells from endothelial cells and perivascular 
nerve fibers, mast cells and other NOS-containing 
sources [20].
In Chinese terms, “acupuncture is a healing art 
of inserting a needle into an acupuncture point in the 
meridian to correct an imbalance of Qi. The aim of 
acupuncture is to stimulate the flow of Qi through 
that meridian.” To explain the meridian pheno-
menon, we proposed a neurovascular transmission 
model for acupuncture induced NO.
2.1.  Acupuncture induced 
mechanotransduction
Immediately after a needle is inserted into connec-
tive tissue, the mechanical force is transferred to 
the extracellular matrix (ECM). The ECM is a multi-
component tissue that is able to transduce internal 
and external mechanical signals into changes in 
the tissue structure and function through a process 
termed mechanochemical transduction [21,22].
2.2.  Mechanical force is able to change 
NO production, the blood vessels’ 
local circulation and skin sympathetic 
nerve activation
Through the ECM, the mechanical force stimulus 
can travel across the acupuncture point into the 
local tissue cells. The local tissue cells including 
arterioles, nerve terminals and mast cells can stim-
ulate vascular nerve fibers; this will trigger nNOS 
and eNOS induced NO production [10]. Other tis-
sues that may be involved include smooth muscle 
cells and endothelium cells; this is because the 
acupuncture is able to produce NO and this in-
creases the blood flow, which change the local cir-
culation [8,23]. Thus, mechanotransduction is able 
to trigger these cells to produce a burst of NO pro-
duction, which diffuses into the vascular smooth 
muscle and change blood flow and local circulation. 
L-arginine-derived NO synthesis appears to medi-
ate the noradrenergic function that is part of skin 
sympathetic nerve activation and this contributes 
to the skin electrical resistance at acupuncture 
points and meridians [11].
2.3.  The mechanical force of the needle 
coupled with cyclic strain of blood 
vessels changes the hemodynamic 
balance of the artery tree
Blood vessels are permanently subjected to mechan-
ical forces in the form of stretching, which include 
cyclic mechanical strain. When acupunctured at a 
specific acupuncture point, the local mechanical 
stress produced is coupled with a cyclic strain of 
the blood vessel and this may change the resonance 
frequency.
According to the resonance theory [24], a merid-
ian can be classified according to its effects on the 
pulse spectrum and all meridian related effects, 
including those caused by acupuncture, are fre-
quency specific. Therefore, the artery tree would 
change the blood distribution and microcirculation 
of various organs and further affect the production 
of NO by eNOS.
2.4.  An oscillatory pattern of NO formation 
in a specific organ
For both agonist and hemodynamic stimuli, an oscil-
latory pattern of NO formation might occur with a 
burst of duration of a few seconds and a stimuli-
dependent frequency in the order of tens of seconds 
to a few minutes [25]. Thus, by changing the hemo-
dynamic state of the organ, an oscillatory pattern 
of NO formation might be created at a particular 
frequency in a specific organ [26]. In such a case, 
the frequency in the stomach ought to be different 
to that of the liver and therefore the NO production 
will also be different.
3.  Evaluation of the Neurovascular 
Transmission Model of 
Acupuncture
Over the past 30 years, studies aimed at understand-
ing the acupuncture point/meridian system have 
mainly looked for distinct histological features that 
might differentiate acupuncture points from the 
surrounding tissue. Several structures, such as neu-
rovascular bundles [27−29], neuromuscular attach-
ments [30−32] and various types of sensory nerve 
endings [33,34], have been described at acupuncture 
points.
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3.1.  Mechanotransduction between the 
acupuncture point and connective tissue
In attempts to identify the anatomical and/or 
physiological properties of acupuncture points and 
meridians, various histological structures such as 
neurovascular bundles [27−29] and various types 
of nerve endings [30−36] have been reported at the 
acupuncture points. Skin impedance has also been 
found to be lower at acupuncture points compared 
with control points in some studies [37,38], but 
not in others [39,40]. Nevertheless, acupuncture 
points and meridians are frequently located along 
connective tissue planes that are between muscles 
or between muscle and bone or tendon [41−43].
Traditional acupuncture theory proposes that 
the needling of appropriately selected acupuncture 
points has effects that are remote from the site 
of needle insertion and this is mediated by means 
of the meridian system [44]. To date, physiological 
models attempting to explain these remote effects 
have either invoked systemic mechanisms involv-
ing the nervous system [45,46], or involved signal 
transduction through connective tissue [45] together 
with the involvement of other systems including the 
nervous system.
When needles are inserted into acupuncture 
points, the connective tissue around the acupunc-
ture needle is wounded. This allows movement of 
the needle to pull and distort the surrounding tis-
sue and this delivers a mechanical signal into the 
tissue at the cellular level [47,48]. Such mechani-
cal signals are recognized as important mediators 
of information at the cellular level [49], can be 
transduced into bioelectrical and/or biochemical 
signals [50,51] and can lead to downstream effects, 
including cellular actin cytoskeleton polymeriza-
tion, signaling pathway activation, changes in gene 
expression, protein synthesis and extracellular 
matrix modification [52,53].
Recent studies have suggested that both tissue 
stiffness and stress-induced electrical potentials 
are affected by the connective tissue matrix com-
position [54] and that changes in the matrix com-
position in response to mechanical stress may be 
an important form of communication between dif-
ferent cell types [55]. Changes in ECM composition 
can modulate the transduction of mechanical sig-
nals to, between and within cells [56]. Acupuncture 
needle manipulation, thus, may cause lasting mod-
ification of the ECM surrounding the needle, which 
may, in turn, influence the various cell populations 
sharing this connective tissue matrix such as fibrob-
lasts, sensory afferents, immune and vascular cells.
It has been suggested that the mechanism un-
derlying needle grasp in acupuncture is caused by 
a muscle contraction [57,58]. The tissues involved 
in needle grasp are the skin and/or subcutaneous 
connective tissues and the possible mechanisms 
for needle grasp involving these tissues include in-
creased turgidity, contraction and the winding of 
tissue around the needle during needle rotation 
[59]. Because neurovascular bundles are located 
along connective tissue planes, the same amount 
of needle grasp may have more powerful down-
stream effects at acupuncture points due to the 
mechanical matrix deformation caused by tissue 
winding.
3.2.  Acupuncture changes microcirculation 
via NO production
Acupuncture has been shown to improve cutaneous 
microcirculation and tissue healing in musculoskel-
etal flaps in rats [60,61] and to increase circula-
tion in the skin above the parotid glands [62]. The 
mechanism underlying the increased blood flow 
resulting from acupuncture has been suggested to 
rely on the activation of thin nerve fibers and these 
release vasoactive neuropeptides and NO from their 
peripheral terminals upon activation, which leads to 
vasodilatation and increased blood flow [1,63−65].
Traditionally, eNOS, which is primarily a mem-
brane bound protein [66], is considered the principal 
source of bioavailable vascular NO. NO is produced 
by endothelial cells and diffuses into vascular smooth 
muscle and into the flowing blood, where it rapidly 
reacts with Hb in red blood cells. In recent years, 
the role of nNOS generated NO in vascular function 
has been clearly demonstrated [67−69]. Kashiwagi 
et al [70] reported that nNOS containing nerve fib-
ers, which innervate arterioles and nerve terminals, 
are the major sources of arteriolar NO, together 
with nNOS positive mast cells in rat mesentery and 
brain. Several other studies have reported nNOS to 
be present in perivascular nerve fibers [71].
3.3.  Mechanical forces and cellular 
response
Blood vessels are continuously subjected to me-
chanical forces in the form of stretching and this 
encompasses cyclic mechanical strain due to the 
pulsatile nature of blood flow and shear stress. 
These are accompanied by phenotypical modula-
tion of smooth muscle cells and endothelial cells, 
which then produce structural modifications of the 
arterial wall. Vascular cells are equipped with nu-
merous receptors that allow them to detect and 
respond to the mechanical forces generated by pres-
sure and shear stress. The cytoskeleton and other 
structural components have an established role in 
mechanotransduction and are able to transmit and 
modulate tension within the cell via focal adhesion 
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sites, integrins, cellular junctions and the ECM. 
Mechanical forces are also able to initiate complex 
signal transduction cascades, including the nuclear 
factor-kappaB and mitogen-activated protein ki-
nase pathways and these lead to functional changes 
within the cell [72].
Mechanical forces, comprising both unidirectional 
laminar and oscillatory shear, are being recognized 
as important inducers of vascular NO generation. 
Laminar shear induces an increase in NO produc-
tion through increased activation and expression of 
eNOS. Acutely, laminar shear activates eNOS through 
both Ca2+-dependent and Ca2+-independent mech-
anisms [73,74]. Oscillatory shear has also been shown 
to be able to stimulate an acute increase in NO 
production and upregulation of eNOS [75].
3.4.  A theoretical model involving an 
oscillatory pattern of NO induction 
and the resonance theory
Periodic bursts of intracellular free Ca2+ in response 
to a constant agonist concentration have been ob-
served in a number of non-excitable cell types in-
cluding endothelial cells [76−78]. There is controversy 
regarding shear stress-induced Ca2+ transient re-
lease in endothelial cells with some investigators 
reporting multiple Ca2+ transient events [79−82], 
whereas others report only their irregular appear-
ance or none at all [83−85]. Furthermore, both tran-
sient and sustained release of NO has been reported 
in response to shear stress. It is possible that shear 
stress regulates NO release in a Ca2+-independent 
fashion through phosporylation of eNOS, which re-
sults in a sustained basal NO production irrespec-
tive of the presence or absence of the Ca2+ transient 
effect [86−88]. Kutchan and Frangos [89] measured 
the NO end oxidation products (NO2− and NO3−) re-
leased from endothelial cells exposed to laminar 
flow and reported the presence of transient Ca2+-
dependent NO release at the onset of shear stress 
but continuous basal release in the presence of a 
constant shear stress level. Buerk and Riva [90] ob-
served the presence of spontaneous low-frequency 
NO oscillations in the cat optic nerve head, which 
they attributed to a natural variation in shear stress. 
Kanai et al [91] measured NO release from endothe-
lial cells exposed to constant shear stress using 
NO-sensitive microelectrodes and reported shear 
stress induced periodic Ca2+ transient release and 
a concomitant release of NO.
A meridian is a hypothetical or functional line 
linking various arterial trees (acupuncture points) 
that have a similar resonance property [24]. In this 
weakly coupled system, there are two resonant 
frequencies at the acupuncture point and only one 
in the artery. The meridian selected frequency 
may be the same as the resonant frequency of its 
related internal organ. The resonance mechanism 
seems to be the key to understanding Chinese med-
icine if the unknown frequency of each meridian 
can be classified. From the pressure wave propa-
gation equation, the resonance frequency of the 
organ’s (or tissue’s) main artery coupled system 
will decide the blood pressure energy distribution. 
Any physical disturbance to either the organ (tissue) 
or the artery will redistribute the blood pressure 
energy and therefore influence the blood distribu-
tion. Needling an acupoint is a disturbance that will 
cause an impedance mismatch and therefore influ-
ence the efficiency of the resonance. Stimulating 
an acupuncture point, which is a tissue rich with 
small arteries, is an effective way to cause the re-
distribution of blood pressure energy and there-
fore influence blood distribution. Thus, it has been 
shown that hemodynamic changes at the level of 
precapillary arterioles accompanying EA stimula-
tion either of the hind paw or of the back mainly 
result in changes in the systemic arterial pressure 
regardless of stimulus current intensities [92].
From the above studies, we suggest that when 
acupuncture is applied at a specific acupuncture 
point, the local mechanical stress produced from 
needle grasp is able to trigger a burst of NO pro-
duction and when this is coupled with the cyclic 
strain of the blood vessels, there is a change in the 
resonance frequency of blood vessels. This has an 
effect on the artery tree changing the various merid-
ian organs’ blood distribution and microcirculation. 
This will have a further effect on the production of 
NO and NOS and create an amplification cycle.
4. Discussion
Acupuncture has been shown to improve cutaneous 
microcirculation and tissue healing in musculoskel-
etal flaps in rats [60,61] and to increase circulation 
in the skin above the parotid glands [62]. The mech-
anism underlying increased blood flow by acupunc-
ture has been suggested to rely on the activation 
of thin nerve fibers, which release vasoactive neu-
ropeptides and NO from their peripheral terminals 
upon activation; leading to vasodilatation and in-
creased blood flow [1,63,64]. It is noted that be-
cause NO is involved in multiple body functions, its 
presence in the peripheral blood or in an acupunc-
ture point is supportive of our hypothesis. To study 
the NO production from specific NOS, we can either 
block NO release by the use of a specific NO inhibi-
tor or use specific NOS deficient mice. In general, it 
will be necessary to incorporate the interrelation-
ship of the acupuncture points based on Chinese 
medicine principles into any such NO measurements. 
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This will involve manipulating a distant point on the 
meridian and measure NO in another part of the body, 
or blocking NO in one part of the body and measure 
the inhibition by distant meridian manipulation.
According to Traditional Chinese Medical the-
ory, acupuncture points are functionally related to 
certain visceral organs and these relationships have 
been partially proven by clinical application of ac-
upuncture therapy. Acupuncture point ST36 (stom-
ach 36) is the most commonly used acupuncture 
point for the purpose of immune strengthening and 
immune regulation in oriental medical clinics (spe-
cifically strengthening and regulating Qi and blood 
in oriental medical terminology) [93]. Lee’s mor-
phological study [94] suggest that there is a com-
monality of CNS cell groups in brain controlling the 
stomach (viscera) and the Zusanli point (ST36). 
A functional magnetic resonance imaging (fMRI) 
study was able to demonstrate that stimulation of 
ST36/SP6 specifically activated the orbital frontal 
cortex and de-activated the hippocampus [95]. 
Alternatively, stimulation of GB34/BL57 activated 
the dorsal thalamus and inhibited various primary 
motor areas and the premotor cortex. These results 
strongly support the existence of acupuncture point 
specificity.
The modulatory effect of acupuncture on the 
cardiovascular and the sympathetic system has been 
referred to as somatoautonomic reflexes [96]. Manual 
acupuncture stimulation elicited a transient increase 
similar to skin sympathetic nerve activity (SSNA) 
and that this increase is dependent on the baseline 
of the SSNA [97]. EA can reduce sympathetic nerve 
activity (SNA) and arterial pressure (AP). Specifi-
cally, short term EA of ST36 (Zusanli) is able to 
reset the neural arc to a lower SNA, which moves 
the operating point toward lower AP and SNA under 
baroreflex closed loop conditions [98]. L-arginine-
derived NO synthesis appears to mediate norad-
renergic function during skin sympathetic nerve 
activation, which probably contributes to skin elec-
trical resistance of the acupuncture points and 
meridians [11].
It has been speculated that acupuncture stimu-
lates some sensory nerves or the autonomic nervous 
system and induces the recovery of blood circula-
tion [99−101]. NO content and nNOS expression 
have been shown to be consistently higher at the 
skin acupuncture points/meridians [10]. EA at ST-36 
is regulated through NOS in organs on the stomach 
meridians [9]. ST-36 is used to promote blood flow 
and to treat cardiovascular disease; therefore, ST-
36 possibly induces its beneficial antihypertensive 
effect by activating NOS in the microcirculation. 
Meanwhile, acupuncturing ST-36 alone has been 
shown to produce different results when used to 
treat a renal hypertensive hamster compared with 
a sham-operated hamster. However, this is not uni-
versal for all acupuncture points and there was 
no response in organs that are not responsible for 
hypertension illness.
According to Traditional Chinese Medical the-
ory, when we look at pathway and disorder symp-
toms and compare the stomach meridian and the 
liver meridian, they differ in a number of aspects, 
but there is little data showing the differences in 
regulation between the organs. However, it is clear 
that the liver and stomach are located on separate 
meridian, each with its own mechanical signaling 
through connective tissue and as a result, the effects 
of acupuncture at a specific point are expressed 
differently. Here we propose a neurovascular trans-
mission model starting from a local perspective and 
this model is able to suggest physiological processes 
that can bridge from the traditional nerve model 
of acupuncture to the vascular model. Based on 
this, we suggest that when studying organs located 
on and away from the same meridian as, for exam-
ple, ST-36, it should be possible to identify the 
physiological mechanisms responsible for individ-
ual organ behavior. However, while acupuncturing 
ST-36 alone has produced different results between 
renal hypertensive hamster and sham-operated con-
trol [9], there is also a need to consider differ-
ences in the operation methods. Finally, we suggest 
that the best approach to a physiological study of 
acupuncture point either alone or combined with 
other acupuncture points should involve a broad 
range of measurements in addition to studying NOS.
The Traditional Chinese Medical theory says: 
“Qi acts as the commander of blood and blood acts 
as the mother of Qi.” This is a general description 
of the effects of Qi on blood and it can be ex-
panded to include the ideas that Qi controls the 
blood, promotes blood production and circulation, 
but also raises the notion of blood conveying Qi 
and blood nourishing Qi. If we suppose the NO is 
Qi, then the model we propose can be annotated 
as this part of Traditional Chinese Medical theory.
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